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ABSTRACT 
The high performance of ava i l ab l e  o s c i l l a t o r s  has per- 
mit ted t h e  development of invaluable navigation and geo- 
d e t i c  s a t e l l i t e  systems. However, s t  ill higher performance 
o s c i l l a t o r s  would f u r t h e r  improve t h e  accuracy o r  f l e x i -  
b i l i t y  of t h e  systems. 
INTRODUCTION 
Osc i l l a to r  performance i s  a c r i t i c a l  f a c t o r  i n  t h e  operat ion of t h e  
aTAR Global Po- Navy Navigation S a t e l l i t e  System (NAVSAT) and of t h e  NAV" 
s i t i on ing  System (GPS). It i s  a l s o  an important element i n  t h e  gec- 
d e t i c  appl ica t ions  of t hese  systems. The NAVSAT system i s  based on 
Doppler observations of s a t e l l i t e s  a t  1000 km a l t i t u d e .  While t h e  GFS 
system i s  based on simultaneous range observations t o  four  s a t e l l i t e s  
at a l t i t u d e s  of 20,000 km, it i s  u se fu l  t o  th ink  of t h e  computation 
of t h e  ephemerides of t h e  s a t e l l i t e s  a s  being based upon Doppler da t a  
a l so .  The reason f o r  choosing t h i s  i n t e r p r e t a t i o n  stems from t h e  f a c t  
t h a t  it i s  des i rab le  t o  base t h e  computation of t h e  ephemeris on severa l  
days of observations i n  order  t o  minimize t h e  unce r t a in t i e s  i n  t h e  com- 
puted o r b i t  per iod and so l a r  r ad i a t ion  parameters. Over a f i v e  day 
period, an e r r o r  of one par t  i n  1wi3 i n  o s c i l l a t o r  frequency would 
produce an e r r o r  i n  t ime of 43 ns ,  o r  12  m i n  range, s ince  t h e  range 
i s  based on t h e  measured t r a v e l  t ime of s igna l s  propagating at t h e  
speed of l i g h t .  As wiLl be shown below, ana lys i s  of Doppler d s t a  during 
t h e  f i v e  day period wculd g ive  range t o  t h e  s a t e l l i t e  which i s  accura te  
t o  b e t t e r  than a meter using Lhe same o s c i l l a t o r .  It i s  poss ib le  t o  
use t h e  range information d i r e c t l y  while s t i l l  accounting f o r  t h e  osc i l -  
l a t o r  i n s t a b i l i t y  e i t h e r  i n  a sequent ia l  processor by introducing pro- 
cess  noise o r  i n  a batch processor by  sing a co r r e l a t ed  weight matrix.  
While these  a l t e r n a t i v e s  a r e  mathematically more r igorous than t h e  
conversion of ranse da t a  t o  Doppler da ta ,  t h e  techniques fundamentally 
weaken t h e  accuracy of r e l a t i v e  range measurements made a t  widely spaced 
times, tending t o  approach t h e  Doppler i n t e r p r e t a t i o n  of t h e  dath. 
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TIME TAGGING 
Roth t h e  NAVSAT and GPS systems requi re  t ime tagging of observat ions 
and of ephemeris da ta  t o  s u f f i c i e n t  accuracy t o  allow in t e rpo la t ion  i n  
t h e  r e l a t i v e  pos i t ions  of t h e  s a t e l l i t e  and observer t o  t h e  des i red  
accuracy. Since t h e  r e l a t i v e  accuracy of t h e  s a t e l l i t e  and observer 
is  about 5 km/sec, an uncer ta in ty  i n  t h e  time t a g  of 0.2 m s  would pro- 
duce a r e l a t i v e  pos i t ion  e r r o r  of one meter. I n  both navigation sys- 
tems, one o r  more ground o s c i l l a t o r s  i s  adopted a s  a  s tandard,  t h e  
s a t e l l i t e  o s c i l l a t o r  i s  ca l ib ra t ed  aga ins t  t h e  standard, and o ther  
ground clocks a r e  ca l ib ra t ed  aga ins t  t h e  s a t e l l i t e  clock. Therefore,  
t h e  s a t e l l i t e  o s c i l l a t o r  must be s u f f i c i e n t l y  s t a b l e  t o  maintain t n e  
des i red  accuracy of t h e  clock epochs over t h e  t ime period of severa l  
days used f o r  t h e  clock r a t e  determination and predic t ion .  A 0.2 ms 
accuracy objec t ive  over a  f i v e  day period r equ i r e s  an o s c i l l a t o r  s t a -  
b i l i t y  of  5 p a r t s  i n  1 0 l 0 ,  
RAIVGb MEASURFMENTS 
The most s t r ingent  requirement on o s c i l l a t o r  performance e r i s e s  from 
ground measurements of t h e  time of a r r i v a l  of s igna l s  generated from 
o s c i l l a t o r s  i n  t h e  GFS s a t e l l i t e s .  The GPS system i s  based on ranges 
computed by multiplying t h e  t r a v e l  t ime of t h e  s igna l s  by t h e  ve loc i ty  
of l i g h t .  The e f f e c t  of o s c i l l a t o r  i n s t a b i l - i t y  on t h e  computed ranges 
was r e fe r r ed  t o  i n  t h e  f i r s t  paragraph i n  connection with t h e  de te r -  
mination of t h e  o r b i t s  of t h e  GPS s a t e l l i t e s .  Inver t ing  t h e  ca lcu la-  
t i o n ,  i f  s a t e l l i t e  and grcund timing systems were t o  be maintained t o  
an accuracy corresponding t o  a  one meter range accuracy over a f i v e  day 
time period,  o s c i l l a t o r  s t a b i l i t i e s  of e ight  p a r t s  i n  1015 would be re -  
quired. The GPS system i s  ab l e  t o  meet navigat ion requirements with 
s a t e l l i t e  o s c i l l a t o r s  which a r e  an order of magnitude poorer because 
of looser  to le rances  on range accuracy and sho r t e r  f i t  and predic t ion  
i n t e r v a l s  f o r  t h e  time s igna l s .  The epoch e r r o r s  of t h e  ground clock 
a r e  determined each time a navigation f i x  i s  obtained by measuring t h e  
apparent t r a v e l  t i n e  of  s igna l s  from four  s a t e l l i t e s  and sz lv ing  f o r  
t h e  clock cor rec t ion  end t h e  t h r e e  components of t h e  observer 's  posi- 
t i o n .  Therefore t h e  only requirement on t h e  o s c i l l a t o r  i n  t h e  rece iver  
i s  t o  permit i n t e rpo la t ion  of s igna l s  from t h e  s a t e l l i t e  t o  t h e  same 
epoch f o r  those rece ivers  which do not make simultaneous observat ions 
t o  t h e  four s a t e l l i t e s   ill, 1978). The range computed from t h e  
t r a v e l  time p r i o r  t o  cor rec t ion  of t h e  observer 's  clock i s  r e f e r r e d  t o  
a s  a  "pseudo-range. 11 
GEOMETRIC DILUTION OF PRECISION 
In  cons ider i~ lg  t h e  requirements f o r  o s c i l l a t o r  s t a b i l i t y ,  t h e  measure- 
ment e r r o r s  produced by clock unce r t a in t i e s  must be transformed t o  
e r r o r s  i n  t h e  pos i t ion  of t h e  observer.  Pos i t ions  based on t h e  pseudo- 
ranges t o  four  s a t e l l i t e s  a r e  about a  f a c t o r  of t h r e e  worse than t h e  
measurement e r r o r s  f o r  t h e  t y p i c a l  geometric configurat ion of GPS s a t e l -  
l i t e s .  The r a t i o  of t h e  pos i t i on  e r r o r  t o  t h e  measurement e r r o r  i s  re -  
fe r red  t o  a s  t h e  "Geometric Dilut ion of Prec is ion  (GDoP)" (more pre- 
c i s e l y  i n  t h i s  context,  "Posi t ion Dilut ion of  Prec is ion  (PDoP)" (~il l i-  
ken and Zol le r ,  1978)) .  It i s  simply t h e  average s tandard e r r o r  i n  po- 
s i t i o n  corresponding t o  u n i t  weight f o r  t h e  observations.  The GDOP and 
t h e  e f f e c t s  of o s c i l l a t o r  i n s t a b i l i t y  on Doppler pos i t ion ing  cannot be 
summarized a s  concisely. Before discussing these  t o p i c s ,  t h e  conven- 
t i o n a l  i n t e r p r e t a t i o n  of  Doppler d a t a  and common terminology w i l l  be re -  
viewed. 
SENSITIVITY OF DOPPLER DATA TO CLOCK PEXFORMANCE 
The observed frequency i s  given t o  f i r s t  order  by: 
f = f , - f s i  
C 
where f s  is  t h e  frequency emitted by t h e  s a t e l l i t e ,  c i s  t h e  ve loc i ty  
of  l i g h t ,  and F i s  t h e  r e l a t i v e  ve loc i ty  of t h e  s a t e l l i t e  with respec t  
t o  t h e  observer.  The received frequency i s  normally mixed with a r e f -  
erence frequency, f R ,  i n  t h e  rece iver :  
and t h e  beat cycles  a r e  counted over spec i f i ed  time i n t e r v a l s :  
so t h a t  
Some rece ivers  measure ( t2 - t l )  f o r  f ixed  N c ,  some count - Jc  f o r  f ixed  
(t - t ) , and some count i n t ege r  Nc i n  f ixed  ( t2 - t ) and read out 
t h e  clock a t  t he  time ccrresponding t c  t h e  i n t e ~ e -  Nc.  Many r ece ive r s  
continue counting a s  t h e  measurements a r e  made ~ . . i  recorded, so  t h a t  
t h e  measurements a t  t h e  ith da ta  point  can be wr i t t en  a s  ri-ro r a t h e r  
than a s  ri-ri-l. In  such cases ,  t h e  Doppler measurements during a 
s a t e l l i t e  pass can be represented a s  ranges subject  t o  an unknown range 
base, ro, r a t h e r  than a s  uncorrelated range d i f fe rences .  Biased range 
representat ion y i e lds  a b e t t e r  GDOP than uncorrelated range d i f f e r ences ,  
a s  w i l l  be  shown l a t e r .  The o f f s e t  frequency fR-f, va r i e s  among r e -  
ce ivers .  For t h e  Navy Navigation S a t e l l i t e s  t h e  o f f s e t  r a t i o  ( fR- f s ) / f  
i s  80x10-~;  f o r  t h e  NAVSTAR Geodetic Receiver (Anderle, 1 9 7 8 ~ )  t h e  
o f f s e t  ( fR-fs)  i s  28.75 KHz. To f i r s t  o rder ,  o s c i l l a t o r s  make two 
contr ibut ions t o  t h e  range e r r o r :  
For t h e  above frequency o f f s e t s ,  t h e  f i r s t  equation e s t ab l i shes  t h e  
t ime i n t e r v a l  accuracy required per  meter prec is ion  i n  range d i f f e r ence  
a s  40 PS f o r  NAVSAT and 200 us f o r  GPS. The second cont r ibu t ion  t o  
t h e  range d i f fe rence  e r r o r  imposes more severe requirements on t h e  os- 
c i l l a t o r .  The t ime i n t e r v a l  between t h e  f i r s t  and l a s t  t ime i n  a  s a t e l -  
l i t e  pass  i s  about 1000.sfor  NAVSAT and 30,000 s f o r  GPS. Therefore,  
t h e  f r a c t i o n a l  frequency s t a b i l i t y  required per  meter prec is ion  over 
these  i n t e r v a l s  i s  3 x 1 0 ' ~ ~  f o r  NAVSAT and 1 . 1 x 1 0 - ~ ~  f o r  GPS. 
INFORMATION CONTENT OF A DOPPLER PASS 
Direct ccnvereion of t h e  Doppler e r r o r s  discussed i n  t h e  previous para- 
graph t o  e r r o r s  i n  s t a t i o n  pos i t i on  i s  not u se fu l  because Doppler da t a  
f o r  a  s ing le  s a t e l l i t e  pass does not provide enough information t o  per- 
m i t  accurate  determination of a l l  t h r e e  components of s t a t i o n  pos i t i on .  
Therefore, GDOP i s  usua l ly  ca lcu la ted  f o r  t h e  two pos i t i on  components 
which a r e  wel l  determined. The e f f e c t s  of  e r r o r s  i n  t h e s e  two compo- 
nents on t h e  ca lcu la ted  frequency a r e  i l l u s t r a t e d  i n  f i g u r e  1. On a 
non-rotat ing ea r th ,  t h e  Doppler frequency (which i s  propor t iona l  t o  
t h e  range d i f f e r ence )  i s  zero when t h e  s a t e l l i t e  reaches i t s  poin t  of 
c lo ses t  approach t o  t h e  observer and has t h e  shape shown by t h e  upper 
curves i n  t h e  f igu re .  The o f f s e t  between t h e  s a t e l l i t e  and s t a t i o n  f r e -  
quency standards i s  e a s i l y  determined s ince  t h e  Doppler frequency, o r  
ca lcu la ted  range d i f fe rence  per  u n i t  t ime, i s  equal and opposi te  i n  s ign  
a t  t h e  times of r i s e  and s e t  of t h e  s a t e l l i t e  above t h e  s t a t i o n  horizon. 
I f  the  s a t e l l i t e  pos i t i on  i s  known, then  an e r r o r  i n  t h e  observer 's  po- 
s i t i o n  p a r a l l e l  t o  t h e  s a t e l l i t e  ve loc i ty  vector  a t  c lo ses t  approach 
w i l l  produce ca lcu la ted  range d i f fe rences  which a r e  displaced i n  t ime a s  
shown by t h e  broken curve i n  t h e  upper l e f t  f i gu re ,  and b e l l  shaped re -  
s idua l s  a s  shown i n  t h e  l z T e r  l e f t  f i gu re .  This component of s t a t i o n  
p o s i t i ~ n  determined from a pass  of Doppler da t a  i s  r e fe r r ed  t o  a s  t h e  
" tangent ial"  o r  "along -ackqf component of  pos i t ion .  I f  t h e  assumed 
s t a t i o n  pos i t i on  i s  c lose r  t o ,  o r  f u r t h e r  from, t h e  s a t e l l i t e  at t h e  
t ime of  c lo ses t  approach, t h e  Doppler curve, o r  range d i f fe rences ,  w i l l  
have a  s teeper  o r  shallower  lope a s  shown i n  t h e  upper r i g h t  hand 
p a r t  of f i gu re  1. The r e s idua l s  w i l l  be anti-symmetric a s  shown i n  t h e  
lower r i g h t  hand p a r t  of t h e  f igu re ,  and de f ine  t h e  loca t ion  of t h e  
s t a t i o n  alonw t h e  range Vector t o  t h e  s a t e l l i t e  a t  t h e  t ime of c l o s e s t  
approach ( t h e  "range" component of s t a t  ion  p o s i t  i on )  . A t ropospheric  
r e f r ac t ion  b i a s  w i l l  a l s o  produce anti-symmetric r e s idua l s ,  but t h e  
e f f e c t  w i l l  be g r e a t e s t  a t  t h e  t imes of r i s e  and s e t  of t h e  s a t e l i i t e  
and decrease rap id ly  a t  t h e  higher e leva t ion  angles .  The t h i r d  compo- 
nent of s t a t i o n  pos i t ion  i s  not defined f o r  an emi t te r  on a l i n e a r  path 
and a  non-rotating ea r th ,  s ince  r o t a t i o n  of t h e  r ece ive r  about t h e  emit- 
t e r  pa th  a t  a  f ixed  d is tance  from t h e  emi t te r  w i l l  not change t h e  Doppler 
curve. While t h e  so lu t ion  f o r  t h r e e  components of s t a t i o n  pos i t i on  i s  
not s ingular  fo r  t h e  curved s a t e l l i t e  path and a  r o t a t i n g  e a r t h ,  t h e  
s tandard e r r o r  f o r  t h e  t h i r d  component of s t a t i o n  pos i t i on  i s  orders  
of magnitude l a r g e r  than those f o r  t h e  t angen t i a l  and range component 
of s t a t i o n  pos i t i on  i n  t h e  plane defined by t h e  range vec tor  t o  t h e  
s a t e l l i t e  and t h e  r e l a t i v e  ve loc i ty  vector  of t h e  s a t e l l i t e  a t  t h e  t ime 
of c lo ses t  approach, providing no usefu l  information f o r  navigat ion o r  
geodetic appl ica t ions .  Therefore i n  order  t o  determine t h r e e  components 
of  s t a t i o n  pos i t i on ,  t h e  s h t e l l i t e  should be observed on a  pass  t o  t h e  
l e f t  and a  pass  t o  t h e  r i g h t  of t h e  s t a t i o n  so t h a t  t h e  range components 
can be used t o  t r i a n g u l a t e  s t a t i o n  height and t h e  hor izonta l  component 
normal t o  t h e  s a t e l l i t e  t r a c k  ( longi tude  3 r  t h e  po la r  Navy Navigation 
S a t e l l i t e s ) .  I n  order  t o  determine a  naviga tor ' s  l a t i t u d e  and longi-  
tude from a  s i n g l e  pass of Doppler da ta ,  t h e  height  of t h e  observer must 
be known;  everth he less t h e  longi tude i s  il l-determined f o r  po lar  s a t e l -  
l i t e  passes crossing the  s t a t i o n ' s  zeni th.  Since t h e  angular ve loc i ty  
of GPS s a t e l l i t e s  i s  only twice t h e  r a t e  of e a r t h ' s  r o t a t i o n  while t h e  
angular ve loc i ty  of t h e  NAVSAT s a t e l l i t e s  i s  t e n  t imes t h e  r a t e  of 
e a r t h ' s  r o t a t i o n ,  it i s  not c l e a r  whether t h e  information content  of  a 
GPS Doppler pass i s  so i d e a l l y  contained i n  t h e  range/ tangent ial  po- 
s i t i o n  components of s t a t i o n  pos i t ion  a s  it i s  f o r  NAVSAT data .  Never- 
t h e l e s s ,  t h e  same i n t e r p r e t a t i o n  has been appl ied t o  GPS d a t a  a s  a  re -  
s u l t  of t h e  a v a i l a b i l i t y  of t h e  comput~r  programs and t h e  l a c k  of a  
b e t t e r  diagnost ic  t oo l .  Actual o r b i t  determinations and geodetic s t a -  
t i o n  pos i t ion  ca l cu la t ions  a r e  based on a  l e a s t  squares f i t  of t h e  para- 
meters of t h e  so lu t ion  t o  t h e  aggregate of t h e  Doppler da t a ,  not t o  t h e  
pos i t ion  components ca lcu la ted  f o r  diagnost ic  purposes. 
EFFECT OF CLOCK PERFORMANCE ON POSITIONS DETERMINED FROM NAVSAT DOPFLER 
DATA 
It was mentioned e a r l i e r  t h a t  Doppler observat ions from most rece ivers  
can be t r e a t e d  a s  e i t h e r  range d i f f e r ence  da ta  o r  a s  range d a t a  sub- 
j ec t  t o  an unknown b ias .  Figures 2 and 3 show t h e  uncer ta in ty  i n  t h e  
determination of t h e  t angen t i a l  and range components of  t h e  pos i t i on  of 
t h e  observer,  respec t ive ly ,  cor respondingtoa  10  cm random e r r o r  i n  
range o r  range d i f fe rence  data .  Figure 2 i nd ica t e s  t h a t  t h e  GDOP f o r  
t h e  t angen t i a l  component of pos i t i on  va r i e s  frorc one t o  four  f o r  biased 
range da t a  and from th ree  t o  t en  f o r  range d i f fe rence  da t a  f o r  e leva t ion  
angles t o  t h e  s a t e l l i t e  a t  c lo ses t  approach from 90 t o  20 degrees. 
Figure 3 revea ls  t h a t  t h e  GDOP f o r  t h e  range component of pos i t i on  
va r i e s  from one half  t o  two f o r  biased range da ta  and from t h r e e  t o  
seven f o r  range d i f fe rence  da t a  f o r  t hese  e leva t ion  angles .  The f igu res  
a r e  based on t h e  assumption t h a t  t h e  tropospheric r e f r a c t i o n  i s  known 
pe r f ec t ly  and t h e  o f f e s t  i n  frequency between t h e  o s c i l l a t o r s  i n  t h e  
s a t e l l i t e  and t h e  rece iver  i s  completely unknown but s t a b l e  during t h e  
pass. Uncertaint ies  i n  t ropospheric  re f rac t icm must a c t u a l l y  be con- 
s idered i n  p rec i se  computations. In t roduct ion  of a  s c a l e  b i a s  f o r  r e -  
f r a c t i o n  does not a f f e c t  t h e  s tandard e r r o r  i n  t a n g e n t i a l  pos i t i on .  
The e f f e c t  on t h e  range component of pos i t i on  depends on t h e  r e l a t i v e  
magnitudes of t h e  random e r r o r  of t h e  Doppler observat ions and t h e  un- 
c e r t a i n t y  i n  t h e  a -p r io r i  r e f r a c t i o n  da t a ;  f o r  t y p i c a l  va lues  of  t h e  
quemti t ies ,  t h e  s tandard e r r o r  i n  r m g e  component based on range d i f -  
ference da t a  i s  not s i g n i f i c a n t l y  a f f ec t ed  while t h a t  f o r  b iased  range 
da t a  i s  increased markedly percentage-wise, although it always remains 
smaller i n  magnitude than  t h a t  f o r  range d i f fe rence  da t a .  Since t h e  
random e r r o r  of measurement f o r  t h e  b e t t e r  r ece ive r s  i s  l e s s  than  5 cm, 
t h e  prec is ion  of t h e  Doppler r ece ive r s  i s  qu i t e  good. However, t h e  
e f f e c t s  of t h e  i n s t a b i l i t y  of o s c i l l a t o r s  used i n  t h e  r ece ive r s  pro- 
duces l a r g e r  e r r o r s  i n  pos i t i on .  Spec i f ica t ions  of t h e  s t a b i l i t y  of  
two o s c i l l a t o r s  used i n  NAVSAT Doppler r ece ive r s  a r e  1 x 1 0 ' ~ ~  and 6 x 1 0 ' ~ ~  
f o r  averaging times of i n t e r e s t  (30 t o  1000 seconds).  Simulations of 
pos i t ion  accuracies  a t t a i n a b l e  with t h e s e  o s c i l l a t o r s  and a n  o s c i l l a t o r  
with a  s t a b i l i t y  of 2x10-~3 were conducted by Monte Carlo methods. 
Doppler observations corresponding t o  frequency va r i a t i ons  expected f o r  
each of t h e s e  c s c i l l a t o r s  and a  random e r r o r  of 3 cm were synthesized 
f o r  s i x  passes f o r  each of f i v e  pass  geometries,  and t h e  components of 
s t a t i o n  pos i t i on  were computed f o r  each pass .  The rms of t h e  s i x  sample 
e r r o r s  f o r  t h e  t a n g e n t i a l  and range components i s  p l o t t e d  i n  f i gu res  4 
and 5 ,  respec t ive ly ,  versus t h e  .e levat ion angle t o  t h e  s a t e l l i t e  a t  
c lo ses t  approach. Note t h ~ t  t h e  pos i t i on  component e r r o r s  are about 30 
t imes l a r g e r  than  those  due t o  random e r r o r  f o r  t h e  s p e c i f i c a t i o n s , o f  
t h e  o s c i l l a t a r s  used with t h i s  equipment regard less  of whether t h e  da t a  
i s  represented a s  biased range da t a  o r  a s  range d i f f e r ences .  The o s c i l -  
l a t o r  s t a b i l i t y  -f 2x10'13 whrch has been achieved f o r  rubidium o s c i l -  
l a t o r s  over t h e s e  avereging t imes,  y i e l d s  pos i t i on  e r r o r s  reasonably 
c lose  t o  those  expected from t h e  random e r r o r  of measurment.  I r regu-  
l a r i t i e s  i n  t h e  curves a r e  probably due t o  sampling e r r o r s  i n  t h i s  
l imi ted  Monte C ~ r l o  simulation. The rubidium o s c i l l a t o r  i s  inconvenient- 
l y  l a r g e  il l  s i z e  f o r  use with t h e  por tab le  Doppler r ece ive r s  i n  some 
appl ica t ions .  
EFFECT OF CLOCK PERFORMANCE ON POSITIONS DETERMINED FROM GPS DOPPLER 
DATA 
Resul t s  of computations of GDOP f o r  Doppi?r observat ions of t h e  GPS 
s a t e l l i t e s  f o r  biased rar_,e and range d i f fe rence  d a t a  a r e  given i n  
f i gu re  6 fo r  t h e  rang2 component of pos i t ion .  The curves f o r  t h e  tan-  
g e n t i a l  component of  pos i t i on  a r e  s imi l a r .  Result  s  f o r  var ious  da t a  
sampling s t r a t e g i e s  a r e  given f o r  t h e  range d i f fe rence  representa t ion  
of d a t a  while t h e  curves f o r  biased range da t a  a r e  propor t iona l  t o  t h e  
square roo t  of  .the sampling i n t e r v a l .  Note t h a t  t h e  GDOP v a r i e s  from 
about one t o  t e n  f o r  t h e  d i f f e r e n t  cases  f a y  pass  lengths  g r e a t e r  than  
15,000 seconds. Shorter  pass  lengths  probably need not be considersd 
aue t o  t h e  spacing of t h e  s a t e l l i t e s  i n  t h e  GPS cons t e l l a t i on .  Since 
most GPS rece ive r s  a r e  designed t o  achieve 1 cm prec is ion  i n  Doppler 
da t a ,  t he  c?lrves imply a high prec is ion  i n  pos i t ion .  However, c very 
high o s c i l l a t o r  s t a 5 i l i t y  would be required t o  achieve these  precisians. 
Sin~ula t ions  s imi l a r  t o  those conducted f o r  NAVSAT condit ions were a l s o  
conducted f o r  GPS c o n d i t i ~ ~ n s  t o  determine t h e  e f f e c t  "r o s c i l l a t o l  s t a -  
b i l i t y  on the  accuracy of s t a t i o n  pos i t ions .  Data were simulated f o r  
t h e  o s c i l l a t o r  s t a , i l i t y  corresponding t o  t h e  curve labe led  "Test A" 
on f igu re  7. This c o v e  i s  c lo se  t o  t h a t  f o r  a  cesium o s c i l l a t o r ,  j u s t  
a  l i t t l e  poorer than t h a t  measured bx t h e  Naval Observatory f o r  t h e  
cesium o s c i l l a t o r  used i n  t h e  NAVSTAR Geodetic Receiver. The rms of 
each pos i t i on  coriiponent e r r o r  obtained from t h e  simulated da t a  i s  given 
i n  f i gu re  8. Only pass lengths longer than  15,000 seconds were con- 
s idered These e r r o r s  a r e  f i v e  t o  f i f t y  t imes worse than those  expected 
from t h e  random e r r o r  of observation. Attempts t o  account f o r  frequency 
va r i a t i ons  by introducing a  frequency d r i f t  parameter produced s t i l l  
l a r g e r  e r r o r s  i n  computed s t a t i o n  pos i t ion .  However, t h i s  f i g u r e  i l l u -  
s t r a t e s  t h e  point  made i n  t h e  f i r s t  paragraph t h a t  t h e  Doppler technique 
can be used t o  determine t h e  range t o  t h e  s a t e l l i t e  t o  b e t t e r  than  a  
meter accuracy f o r  s a t e l l i t e  passcs separated by any time i n t e r v a l .  
RELATIVE STATION POSITIONING 
Even considering t h e  e f f e c t s  of o s c i l l a t o r  i n s t a b i l i t y ,  t h e  e r r o r s  i n  
conputed s t a t i o n  pos i t ions  discussed i n  t h e  previous sec t ions  a r e  smal- 
l e r  than t h e  e r r o r s  i n  computed s a t e l l i t e  pos i t i ons  except f o r  low 
e leva t ion  angle passes.  However, t h e  higher r ece ive r  accuracy i s  de- 
s i r a b l e  f o r  geodetic appl ica t ions  s ince  t h e  accuracy of t h e  computa- 
t i o n  of t h e  r e l a t i v e  pos i t ion  of s t a t i o n s  observing t h e  s a t e l l i t e  
simultaneously is  not s i g n i f i ~ a n t ~ l y  a f f ec t ed  by evrors  i n  .the s a t e l l i t e  
pos i t ion  i f  t h e  d is tance  between t h e  s t a t i o n s  i s  sma!l compared t o  t h e  
height of t h e  s a t e l l i t e  ( ~ n d e r l e ,  1978a). S imi la r ly ,  e r r o r s  due t o  
t h e  s a t e l l i t e  o s c i l l a t o r  can be expected t o  be cancel led under t hese  
circumstances. The p o t e n t i a l  f c r  t h e  determination of t h e  r e l a t i v e  po- 
s i t i o n s  of s t a t i o n s  t o  centimeter accuracy has a t t r a c t e d  t h e  a t t e n t i o n  
of geophysicis ts  studying c r u s t a l  motion. Since t h e  determination of 
r e l a t i v e  s t a t i o n  pos i t i on  a l s o  negates t h e  requirement f o r  accura te  t imes 
of emission of t h e  ranging s igna l s  from t h e  GPS s a t e l l i t e s ,  near-simul- 
taneous pseu;o-range measurements from two s t a t i o n s  t o  four  s a t e l l i t e s  
- .~n be use4 t o  make an in te r fe rometr ic  so lu t ion  f o r  t h e  r e l a t i v e  posi- 
t i c* ,  of t h e  st?:tions (Anderle, 1978b, MacDoxsn, 1978).  However, tr high 
g ~ ' n  antenna o r  a  high redundancy of observations i s  requi red  t o  r e -  
duce t h e  randon range e r r o r  which i s  about a  meter f o r  a wide beam an- 
tenna. In t h i s  appl jca t ion ,  o s c i l l a t o r  requirements a r e  modest s ince  
accurate  time i n t e r v a l s  a r e  only required t o  i q t e r p o l a t e  non-synchro- 
nous but high d a t a  r a t e  da ta .  
SUMMARY 
The high performance of ava i l ab l e  o s c i l l a t o r s  kas permitted t h e  d e v e l o p  
ment of invaluabl?  navigation and geodetic s a t e l l i t e  systems. However, 
s t i l l  higher performance o s c i l l a t o r s  would improve t h e  accuracy of 
f l e x i b i l i t y  of t h e  systems. Osc i l l a to r  requirements per meter pos i t i on  
e r r o r  a r e  l i s t e d  in f i gu re  $9 f o r  t h e  var ious  aspec ts  of navigation sys- 
tems discussed i n  t h i s  repor t .  A GPS o s c i l l a t o r  s t a b i l i t y  of 10-l5 
over f i v e  days would s i n p l i f y  t h e  o r b i t  determination and predic t ion  
funct ions.  Highly por tab le  low cos t  o s c i l l a t o r s  with a s t a b i l i t y  of 
10'14 f o r  averaging times of e ight  hours would permit monitoring cpf 
c r u s t a l  motion dai1.y with GPS Doppler r ece ive r s .  Osc i l l a to r s  t h e  same 
s i z e  and reasonably c l a se  t o  t h e  cos t  of cur ren t  ;uai*tz o s c i l l a t o r s  but 
with a s t a b i l i t y  c l2 se r  t o  10-13 a t  an averaging time of 1000 seconds 
would allow more rap id  determination of r e l s t i v e  s t a t i o n  post ions 
from NAVSAT da ta  an6 more accura te  o r b i t  determination. Clear ly clock 
performance i s  a c r i t i c a l  parameter i n  navigaf ion s a t e l l i t e  systems. 
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QUESTIONS AND ANSWERS 
DR. VICTOR REINHARDT, NASA Goddard Space F l  i ght Center: 
Can you de f i ne  t he  term, g-dop? 
DR. ANDERLE: 
Well, l oose l y  speaking, i t  i s  t h e  p o s i t i o n  accuracy per u n i t  mea- 
surement accuracy. The d e t a i l e d  d e f i n i t i o n s  o f  t h e  GPS a re  g iven i n  
t h e  l a s t  i ssue  o f  "Navigation". A nun'ber o f  cond i t i ons  are 
i nvol  ved: h o r i z o n t a l  , gydop, p o s i t  ion-dop, a  number of those t e r m ,  
bu t  fundamental ly, i t  i s ,  !oosely speaking, p o s i t i o n  accuracy per  
u n i t  measurement accuracy. 
DR. I V A N  NURUR, Ohio S ta te :  
I n  these biased ranges, d i d  you assume t h a t  these ranges a re  inde-  
pendent f rom each o the r  on a g iven pass, o r  d i d  you cons ider  co r re -  
1  a t  i ons between them? 
DR. ANDERLE: 
Each measurement I assume i s  e s s e n t i a l l y  independent. The o n l y  com- 
mon b i a s  i s  t h e  range b i as  f o r  t h e  pass, bu t  each b iased range i s  
independent o f  t h e  preceding one. 
MR. M I K E  MCCONAHY, Jotins Hopkins Un i ve r s i t y ,  Appl i e d  Physics Lab: 
Would you l i k e  t o  comment, Dick, on what you t h i n k  t h e  p o t e n t i a l  o f  
GPS i s  f o r  geophysical s tud ies,  i n  view o f  what you now know? 
DR. ANDERLE: 
I have addressed t h a t  i n  a  number o f  papers and t he re  a re  a  number 
o f  ways, I t h i n k ,  of ach iev ing  cen t imete r  accuracies i n  f a i r l y  shor t  
t ime spans w i t h  b e t t e r  o s c i l l a t o r s .  This doppler  r e c e i v e r  would do 
it, and w i t h  t h e  e x i s t i n g  rece ive rs ,  depending upon how biases work 
out  and depending on averaging t imes, i t  i s  t h e o r e t i c a l l y  poss ib ie  
t o  get a  cent imeter  t h a t  way also. There a re  a  number o f  o ther  
proposals t h a t  have been made f o r  us ing  GPS i n  a  VLBI mode as an- 
o ther  technique. So, t he re  a re  f o u r  o r  f i v e  d i f f e r e n t  approaches t o  
us ing  GPS f o r  geophysical app l i ca t ions .  There i s  a  quest ion o f  what 
t h e  equipment cos t ;  you know, which one would have t h e  l e a s t  cost ,  
t h e  f a s t e s t  operat ion,  how t h e  var ious system c lasses would work out  
i n  each respec t i ve  app l i ca t ion .  1  don ' t  have any dqubt t h a t  one o f  
them w i l l  work f o r  cent imeter  accuracy a t  some acceptable cost .  
Speaker (unheard) 
DR. ANDERLE: 
I am sorry.  When I t a l k  about those accuracies, I am t a l k i n g  about 
r e l a t i v e  pos i t i on i ng ;  I am no t  t a l k i n g  about absolu te  pos i t i on i ng .  
But, t h e r e  a re  two s t a t i o n s  equipped w i t h  these th ings,  i n  g e t t i n g  
r e l a t i v e  pos i t i ons .  
DR. W I L L I A M  MURPHY, Rockwell : 
You might have made t h i s  p o i n t  c l e a r  bu t  i t  wasn't c l e a r  t o  me. 
When you *ere speakicg about c l ock  performance, were you t a l k i n g  
about s t ab i  1 i t y  o r  accuracy? 
DR. ANDERLE: 
I n  terms of abso lu te  t ime  tags. I never t a l k e d  i n  terms o f  abso lu te  
t ime  tags, absolu te  epochs because, as I say, we adopt some ground 
s t a t i o n  as a standard and t ime tags are w i t h  respect t o  t ha t .  I s  
t h a t  t he  k i n d  o f  quest ion you were asking, o r  were you ask ing a 
deeper quest ion? 
DR. MURPHY: 
6 pa r t s  i n  1012, f o r  instance, on t h i s  p a r t i c u l a r  o s c i l l a t o r .  I was 
wonde i i i g  i f  t h a t  was a y t a b i l i t y  f i g u r e  o r  an accuracy f i g u r e ?  
DR. ANDERLE: 
I t  i s  a f i g u r e  corresponding t o  t h e  A l l a n  variance. 
DR. MURPHY: 
R ight  . 
